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Cholesterol depletionHerein, using a recently developed hydration-sensitive ratiometric biomembrane probe based on 3-
hydroxyﬂavone (F2N12S) that binds selectively to the outer leaﬂet of plasma membranes, we compared
plasma membranes of living cells and lipid vesicles as model membranes. Through the spectroscopic analysis
of the probe response, we characterized the membranes in terms of hydration and polarity (electrostatics).
The hydration parameter value in cell membranes was in between the values obtained with liquid ordered
(Lo) and liquid disordered (Ld) phases in model membranes, suggesting that cell plasma membranes exhibit
a signiﬁcant fraction of Lo phase in their outer leaﬂet. Moreover, two-photon ﬂuorescence microscopy
experiments show that cell membranes labeled with this probe exhibit a homogeneous lipid distribution,
suggesting that the putative domains in Lo phase are distributed all over the membrane and are highly
dynamic. Cholesterol depletion affected dramatically the dual emission of the probe suggesting the
disappearance of the Lo phase in cell membranes. These conclusions were corroborated with the viscosity
sensitive diphenylhexatriene derivative TMA-DPH, showing membrane ﬂuidity in intact cells intermediate
between those for Lo and Ld phases in model membranes, as well as a signiﬁcant increase in ﬂuidity after
cholesterol depletion. Moreover, we observed that cell apoptosis results in a similar loss of Lo phase, which
could be attributed to a ﬂip of sphingomyelin from the outer to the inner leaﬂet of the plasma membrane due
to apoptosis-driven lipid scrambling. Our data suggest a new methodology for evaluating the Lo phase in
membranes of living cells.+33 368 854313.
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Cellular membranes are not just barriers separating inner and
outer cellular volumes but are critical for communication with the
outer world by enabling the transfer of many compounds important
for cell metabolism and for chemical and electrical signaling. A deeper
analysis of the essential role played by lipid bilayers in the integration
of membrane proteins has led to the hypothesis of lipid domains or
“rafts”. The lipid domains have received a large attention [1–9] due to
their involvement in many cell functions ranging from regulation of
membrane protein activity to membrane trafﬁcking, sorting and
signal transduction [10–16]. However, detecting and visualizing
lipidic domains is not a simple task, and even their deﬁnition is
controversial and depends on the experimental methods used for
their observation [17,18].
Lipid domains are ﬁrst identiﬁed by their composition: They are
enriched in saturated lipids (mainly sphingolipids) and sterols(mainly cholesterol) that form a liquid ordered (Lo) phase. The
phase separation between Lo phase and liquid disordered (ﬂuid)
phase (Ld) can be observed in model membranes as rafts ﬂoating in a
sea of loosely-packed domains enriched in unsaturated phospholipids
[10,19–22]. Using different techniques (single-particle tracking
[23,24], single-molecule microscopy [25], ﬂuorescence correlation
spectroscopy [26,27], confocal microscopy [28,29] and spin-label ESR
[30]), various amounts of Lo phase (from 10 to 80%) and raft sizes
(from 10 to 1000 nm) were reported within cell plasma membranes.
Fluorescence probing is one of the most convenient methods for
visualizing and quantifying lipid domains on cell membranes. The
probes used for that purpose are either highly selective for domains of
a particular phase or partition evenly into Lo and Ld phases providing
a different ﬂuorescence response in each phase. Such requirements
might help visualizing domains by ﬂuorescence microscopy
[17,31,32]. The most common marker is the ﬂuorescently labeled
protein Cholera toxin-B (CT-B from bacterium Vibrio cholerae), which
binds selectively to the ganglioside GM1 associated with Lo phase
domains in biomembranes [24,33,34]. Because of their exclusion from
the Lo phase, most of the molecular membrane probes (lipid-like
probes) are not suited for staining Lo phase domains inmodel systems
(or cell membranes) [11]. Remarkable exceptions to this rule are
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with NBD [19] or Cy5 [25] and GFP-labeled glycosylphosphatidylino-
sitol, [28,35,36]), as well as ﬂuorescent dyes with long alkyl chains,
such as LcTMA-DPH [37,38] or diI-C20 [39], or polycyclic probes, such
as Terrylene or Naphtopyrene, which show a preferential partitioning
for ordered phases in model membranes [40]. However, most of these
probes suffer from the dependence of their partition between Lo and
Ld phases on the lipid composition of the actual Lo phase domain [41].
Environment-sensitive molecular probes, such as Laurdan [41–43]
and its derivatives [44,45] or di-4-ANEPPDHQ [46] constitute
improved alternatives for studies of lipid domains in model
membranes and cells. These probes distribute in both Ld and Lo
phases of membranes and their emission color, intensity, and/or
lifetime depend strongly on the local membrane properties (polarity,
hydration or ﬂuidity), that in turn are related to the phase state of the
membrane. This probe sensitivity to the membrane properties allows
a direct visualization of the membrane lateral heterogeneities in
model and native biological membranes. Recently, we have shown the
application of a novel membrane probe, (N-[[4′-N,N-diethylamino-3-
hydroxy-6-ﬂavonyl]-methyl]-N-methyl-N-(3-sulfopropyl)-1-dode-
canaminium, inner salt (F2N12S), Fig. 1) for imaging lipid domains in
membrane models [47]. This probe belongs to the family of 3-
hydroxyﬂavones (3HFs) and exhibit a dual emission due to its
excited-state intramolecular proton transfer (ESIPT) reaction, which
is highly sensitive to the environment [48,49]. The ratio of the two
emission bands of 3HFs is a valuable analytical signal for probing
biological membranes [50] as it is affected by various physicochemical
properties of the environment [49], including hydration [51], surface
charge [52,53], membrane dipole and transmembrane potentials [54–
56]. These dyes show dramatic differences in their ﬂuorescence
spectra when membrane vesicles presenting Ld and Lo phases were
compared [57]. It was shown that the hydration of the probe is a key
parameter to differentiate Lo phase from Ld and gel (Lβ) phases in
large unilamellar vesicles (LUVs) [58]. Using a 3HF probe, the
hydration could be quantitatively estimated from the ratio between
the hydrated and non-hydrated forms of the probe (Fig. 1) obtained
through the band separation analysis of its ﬂuorescence spectrum
[51]. The peculiarity of the F2N12S probe is its ability to bind
spontaneously to the outer leaﬂet of the cell plasma membrane
without fast transfer to the inner leaﬂet and internalization into the
cell. This makes F2N12S sensitive to the changes in the transmem-
brane lipid asymmetry taking place during apoptosis [53]. It was
shown that cell apoptosis, which results in the loss of the
transmembrane asymmetry, modiﬁes strongly the dual emission of
the F2N12S probe. However, this spectroscopic response could not be
explained by the sole increase in the exposure of PS at the outer leaﬂetFig. 1. Probe F2N12S and its two expected forms in lipid bilayers (schematically
presented as a monolayer): non-hydrated and hydrated (water-bound).of the cell. Since F2N12S can bind both Ld and Lo phases, showing a
different dual emission [47], we hypothesized that the observed
response of the probe to apoptosis could also be driven by changes in
the phase state (Lo/Ld) of the outer leaﬂet [47,53].
In the present work, we used F2N12S probe for spectroscopic and
microscopic studies of the distribution of Lo/Ld phases in the plasma
membranes of living cells (human U87MG glioblastoma). The data
were compared to those obtained in lipid vesicles with controlled
phase state and surface charge. We did not observe any separation
between Lo and Ld phases in intact cells, and the spectroscopic
analysis suggested that the Lo phase constitutes an important fraction
of the outer leaﬂet of the plasma membrane. We showed that the
fraction of Lo phase could be modulated in a rather broad range by
extraction of cholesterol using methyl-β-cyclodextrin (MβCD).
Finally, apoptosis was also found to result in a loss of Lo phase of
the outer leaﬂet, probably due to the loss of the transmembrane lipid
asymmetry leading to a lower content of sphingomyelin (SM) within
this leaﬂet.
2. Materials and methods
Dioleoylphosphatidylcholine (DOPC), palmitoyloleoylphosphati-
dylcholine (POPC), dioleoylphosphatidylserine (DOPS), egg yolk
phosphatidylcholine (EYPC), bovine brain phosphatidylserine
(BBPS) and cholesterol were purchased from Sigma-Aldrich. Bovine
brain sphingomyelin (SM) was from Avanti Polar Lipids (Alabaster,
USA). N-[[2-[4-Diethylaminophenyl]-3-hydroxychromon-6-yl]-
methyl]-N-methyl-N-(3-sulfopropyl)-1-dodecanaminium, inner salt,
was synthesized as described [53]. This probe was pure according to
thin layer chromatography, 1H-NMR data, absorption and ﬂuores-
cence spectra in organic solvents. 1-(4-Trimethylammoniumphenyl-
6-phenyl-1,3,5-hexatriene p-toluenesulfonate (TMA-DPH) was from
Molecular Probes (Invitrogen).
Large unilamellar vesicles (LUVs) were obtained by the classical
extrusion method as previously described [58]. Brieﬂy, a suspension
of multilamellar vesicles was extruded by using a Lipex Biomem-
branes extruder (Vancouver, Canada). The size of the ﬁlters was ﬁrst
0.2 µm (7 passages) and thereafter 0.1 µm (10 passages). This
protocol leads to monodisperse LUVs with a mean diameter of
0.11 µm as measured with a Malvern Zetamaster 300 (Malvern, UK).
LUVs were labeled by adding aliquots (generally 2 µl) of probe stock
solutions in dimethyl sulfoxide to 2-ml solutions of vesicles. Since the
binding kinetics is very rapid for both probes, the ﬂuorescence
experiments were performed a few minutes after addition of the
aliquot. A 15 mM phosphate–citrate, pH 7.0 buffer was used in these
experiments. Concentrations of the probes and lipids were 2 and
200 µM, respectively.
U87MG human glioblastoma cell line (ATCC) was cultured in
Eagle's minimal essential medium (EMEM from LONZA) with 10%
heat-inactivated fetal bovine serum (PAN Biotech GmbH) and 0.6 mg/
ml glutamine (Biowhittaker) at 37 °C in a humidiﬁed 5% CO2
atmosphere. Cell concentration of 5–10×104 cells/mlwasmaintained
by removal of a portion of the culture and replacement with fresh
medium 3 times per week.
For apoptosis induction by actinomycin D, cells were counted with
a hemacytometer and seeded at a suitable density for spectroscopy
and microscopy studies (3×105 cells per well in six-well plate and
5×105 cells per well in IBIDI LabTek, respectively). Culture medium
was changed every day and cells were grown during 3 days. Then
apoptosis was induced by 18 h incubation of cells with actinomycin D
(0.5 µg/ml). For cholesterol extraction, MβCD (Sigma-Aldrich) stock
solutions were prepared with DPBS and ﬁltered by a Millipore ﬁlter
(0.2 µm). The initial cell number was the same as for apoptosis
induction. The following MβCD concentrations and incubation times
were used: 5 mM MβCD for 2 h, 5 mM MβCD for 30 min and 2 mM
MβCD for 15 h.
Fig. 2. Fluorescence spectra of probe F2N12S in suspensions of cells and LUVs.
(A) Fluorescence spectra in non-treated U87MG cells (thick solid red curve) and in LUVs
of different lipid composition: DOPC (solid black curve), POPC (dash-dotted black curve),
DOPC/Chol, (solid blue curve), POPC/Chol (dash-dotted blue curve) and SM/Chol (thick
dashed red curve). Concentrationsof lipids andprobewere 200 µM, and2 µM, respectively.
Excitation wavelength was 400 nm. (B) Fluorescence spectrum of F2N12S in non-treated
U87MG cells (solid curve) and the three separated bands (dashed curves) obtained by
deconvolution of this spectrum.
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trypsinization as described below. Firstly, EMEM medium was
removed from culture dishes and cells were washed two times with
dPBS. Then, trypsin 10x (LONZA) solution was diluted 10 times by
dPBS and added to cover the bottom of the culture vessel. Cells were
incubated in a 37 °C incubator for 4 min. The solution of trypsin with
cells was then diluted by dPBS, transferred to Falcon tubes and
centrifuged at 1500 RPM for 5 min. The washing procedure was
repeated one more time with HBSS solution.
To stain the cells in suspension with the F2N12S probe, an
appropriate aliquot of its stock solution in DMSO was added to 0.5 ml
HBSS buffer and after vortexing the solution was immediately added
to 0.5 ml of the cell suspension to obtain a ﬁnal probe concentration of
0.1 µM (<0.25% DMSO). The cell concentration was 5×105–106 cells/
ml. It should be noted that only a freshly prepared solution of the probe
in HBSS should be used (<3 min) for cell staining, due to the slow
aggregation of the probe in water. Prior to the measurements, the cell
suspension with the probe was incubated for 7 min at room
temperature in the dark. For microscopy studies, attached cells were
washed twice by gentle rinsing with HBSS. A freshly prepared solution
of F2N12S in HBSS was added to the cells to a ﬁnal concentration of
0.3 µM (<0.25% DMSO volume) and incubated for 7 min in the dark.
Staining of cells with TMA-DPH probe was performed using an adapted
procedure as previously described [59]. First, 2 µl of 5×10−4 M of TMA-
DPH stock solution in DMF was added to 1 ml of HBSS buffer. After
vigorous vortexing, a 200 µl aliquot of this solution was immediately
added to 800 µl of cell suspension and vortexed again. The ﬁnal
probe concentration was 0.2 µM, while the cell concentration was
2×105 cells/ml. After 2 min of incubation the samples were ready for
ﬂuorescence anisotropy measurements.
Fluorescence spectra of probe F2N12S were recorded on a Jobin-
Yvon Fluoromax 3 (Longjumeau, France) spectroﬂuorometer and
corrected by subtracting the spectra of the corresponding blank
(unlabeled vesicles or cell suspensions). Excitation wavelength
was systematically set at 400 nm. For ﬂuorescence anisotropy
measurements with TMA-DPH, a SLM 8000 spectroﬂuopolarimeter
in the T-format was used as previously described [59]. Brieﬂy, the
excitation wavelength was set at 350 nm, and the emission was
collected through 435 nm interference ﬁlters (Schott, Germany). Each
sample was measured at least 10 times over 20 s at 20 °C under gentle
magnetic stirring. The obtained ﬂuorescence anisotropy values were
averaged and corrected for the scattered light as previously described
[59], using corresponding unlabeled cell suspensions as blanks. Two-
photon ﬂuorescence microscopy experiments were performed on a
home-built two-photon laser scanning set-up based on an Olympus
IX70 inverted microscope with an Olympus 60× 1.2NA water
immersion objective [60,61]. Two-photon excitation was provided
by a titanium-sapphire laser (Tsunami, Spectra Physics) and photons
were detected with Avalanche Photodiodes (APD SPCM-AQR-14-FC,
Perkin Elmer) connected to a counter/timer PCI board (PCI6602,
National Instrument). Imaging was carried out using two fast galvo
mirrors in the descanned ﬂuorescence collection mode. Typical
acquisition time was 5 s with an excitation power around 2.5 mW
(830 nm) at the level of the sample. Images corresponding to N* and
T* emission bands were recorded simultaneously using a dichroic
mirror (Beamsplitter 550 DCXR) and two band-pass ﬁlters (Brightline
HC 520/20 and HQ 585/40) in front of the APDs [47]. The imageswere
processed with a home-made program under LabView that generates
a ratiometric image by dividing the image of the N* band by that of the
T* band. For each pixel, a pseudo-color scale is used for coding the
ratio, while the intensity is deﬁned by the integral intensity recorded
for both channels at the corresponding pixel.
Deconvolution of probe F2N12S ﬂuorescence into three bands (N*,
H–N* and T*) was performed using the Siano software kindly
provided by Dr. A.O. Doroshenko (Kharkov, Ukraine), as previously
described [51,57]. The program is based on an iterative nonlinearleast-squares method, where the individual emission bands were
approximated by a log-normal function accounting for several
parameters: maximal amplitude, Imax, spectral maximum position,
νmax, and position of half-maximum amplitudes, ν1 and ν2, for the
blue and red parts of the band, respectively. These parameters
determine the shape parameters of the log-normal function, namely
full width at the half-maximum, FWHM=ν1−ν2, and band asym-
metry, P=(ν1−νmax)/(νmax−ν2). An example of deconvolution is
presented in Fig. 2B. The resulting ﬂuorescence intensities of the
separated N*, H–N* and T* bands (IN*, IH–N* and IT*) were used for
calculation of the hydration parameter, which was expressed as the
ratio of the peak emission intensity of the hydrated (H–N*) form to
the summed intensities of the non-hydrated (N* and T*) forms. Taking
into account that the FWHM for the T* band is ca 2.5-fold narrower
than for the N* and H–N* bands, the hydrationwas estimated as IH–N*/
(IN*+0.4×IT*). The “polarity” parameter was expressed as IN*/IT* ratio
[51,57].3. Results and discussion
Being bound to U87MG glioblastoma cells, probe F2N12S shows a
dual emission (Fig. 2), similar to that previously reported in other
cellular systems [47,53]. Remarkably, the emission spectrum of
F2N12S in U87MG glioblastoma cells shows a much larger band
separation than in model vesicles made of unsaturated phospholipids
DOPC, POPC or EYPC (Fig. 2, Table 1), so that the short-wavelength
emission band is signiﬁcantly blue-shifted in the former. In vesicles
composed of DOPC, POPC or EYPC with cholesterol (phospholipid/
chol, 2/1, mol/mol), the short-wavelength band of F2N12S is
somewhat blue-shifted and decreased in relative intensity in respect
with the corresponding vesicles in the absence of cholesterol (Fig. 2,
Table 1
Spectroscopic data and estimated values of polarity and hydration obtained with probe
F2N12S in model membranes and living cells.a
Sample λSW, nm ISW/ILW Hydration Polarity
DOPC 512 1.00 0.61 1.63
POPC 512 0.87 0.56 1.18
EYPC 512 0.91 0.56 1.27
BBPS 504 1.27 0.36 2.25
DOPS 505 1.41 0.38 3.24
DOPC/Chol 499 0.82 0.39 1.20
POPC/Chol 501 0.61 0.37 0.77
EYPC/Chol 497 0.73 0.32 0.98
BBPS/Chol 492 0.94 0.23 1.33
DOPS/Chol 496 1.21 0.26 2.06
SM/Chol 470 0.70 0.01 0.88
SM/DOPC/Chol 494 0.84 0.32 1.22
Intact cells 478 0.83 0.18 0.86
Cells-MβCD 497 1.18 0.58 1.07
Apoptotic cells 489 1.38 0.34 1.47
a λSW — position of the maximum of the short-wavelength band, ISW/ILW —intensity
ratio of the short- to the long-wavelength bands at their maxima. Hydration and
polarity were estimated from the deconvolution of the corresponding spectra into three
bands, as shown in Fig. 2B. SM/DOPC/Chol corresponds to 1/1/1 molar ratio of the
lipids. Cells-MβCD corresponds to the extraction of cholesterol with 5 mM MβCD for
2 h. The spectroscopic values are an average of several independent measurements:
commonly two for lipid vesicles and three for cells. The estimated errors: λSW ±2 nm
for vesicles and ±3 nm for cells; ISW/ILW ±2% for vesicles and ±3% for cells; hydration
±5% for vesicles and ±7% for cells; Polarity ±3% for vesicles and ±5% for cells.
Fig. 3. Monitoring variation in cholesterol content in cell membranes and membrane
models. (A) Cholesterol extraction and enrichment in U87MG cells using MβCD
monitored by recording the ﬂuorescence spectra of F2N12S probe. (B) Variation of
cholesterol content in lipid vesicles containing SM/DOPC mixture (molar ratio is
indicated).
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Thus, comparison of the spectra suggests that lipid membranes of
unsaturated phospholipids with or without cholesterol, presenting a
liquid disordered (Ld) phase [19–22] cannot model cell plasma
membranes. In contrast, the spectrum in U87MG cells is close to that
obtained with vesicles composed of SM and cholesterol (SM/Chol 2/1
mol/mol), a composition which corresponds to the liquid ordered
(Lo) phase [62].
To quantitatively analyze the spectral data for describing the
physicochemical properties of lipid membranes, we used the band-
decomposition methodology previously developed for probe F2N8, a
close analogue of F2N12S [51]. This method decomposes the
ﬂuorescence spectrum of the probe into three bands corresponding
to normal (N*), H-bonded normal (H–N*) and tautomer (T*) forms of
the dye (Fig. 2B). The obtained separated bands allow a simultaneous
estimation of the two independent “hydration” and “polarity”
parameters [50,51]. For F2N12S probe, the polarity estimated through
the N*/T* ratio of the H-nonbonded forms of the probe (Fig. 1)
correlates well with the surface charge of the vesicles. Indeed, the
polarity parameter strongly increases in anionic lipid vesicles (DOPS
and BBPS) as compared to the corresponding neutral vesicles (DOPC,
POPC and EYPC) (Table 1), in line with previous data obtained for
probes of the same family [50,63]. Cholesterol also decreases this
parameter for all unsaturated lipids studied (Table 1), but does not
mask the effect of surface charge. In contrast to the polarity
parameter, the hydration parameter, deduced from the relative
contribution of the H-bonded (hydrated) (Fig. 1), is critically
dependent on the lipid phase. Indeed, in Lo phase vesicles (SM/
Chol), this parameter is much lower than in all studied Ld phase
vesicles (Table 1), conﬁrming that the Lo phase is strongly dehydrated
[57]. Noticeably, a signiﬁcant decrease of the hydration parameter
value in the Ld phase is also observed in the presence of cholesterol, in
line with the well-known dehydration effect of cholesterol in
membranes [64] (Table 1).
In U87MG cells, the hydration parameter is much lower than in
any Ld phase vesicles studied, but higher than in Lo phase vesicles.
Moreover, the polarity parameter measured in cell membranes
corresponds well to that in lipid vesicles composed of neutral lipids
and cholesterol (Table 1). According to previous studies [53], F2N12S
binds spontaneously to the outer leaﬂet of the cell membranes, withno detectable ﬂip-ﬂop to the inner leaﬂet within the measurement
time (<1 h). Therefore, the intermediate hydration values measured
with probe F2N12S suggest that, in the outer leaﬂet of cell
membranes, the probe redistributes between Ld and Lo phases. The
signiﬁcant fraction of Lo phase in the outer leaﬂet of the plasma
membranes thus deduced is in line with previous ﬂuorescence [29,65]
and spin-label ESR [30] data. This conclusion is also consistent with
the high content of SM and cholesterol of this leaﬂet in normal
eukaryotic cells [12,66]. Moreover, the observed relatively low
polarity value is fully in accordancewith the low content of negatively
charged lipids in the outer leaﬂet [66].
However, the low hydration of cell membranes as compared to
model membranes in Ld phase could also be due to interaction of the
probe with other components, like membrane proteins. To further
determine if the probe reports speciﬁcally to the presence of Lo phase
in cell membranes, the cholesterol content, a key component of the Lo
phase in biomembranes, was modulated [3,19] by extraction with
MβCD [67]. This extraction results in an increase of the relative
intensity of the short-wavelength emission band accompanied by its
red shift (Fig. 3A, Table 1), so that the resulting spectrum resembles
that obtained in LUVs in Ld phase (i.e. composed of DOPC, EYPC and
POPC). The value of the hydration parameter increases dramatically
after cholesterol extraction and becomes very close to that obtained in
LUVs of Ld phase, while onlyminor changes are observedwith the N*/
T* polarity parameter. These data suggest that cholesterol extraction
decreases the fraction of Lo phase in favor of Ld phase in the outer
leaﬂet of the cell plasma membrane, in agreement with recent data
obtained using another environment-sensitive membrane probe di-4-
ANEPPDHQ [46]. In this respect, the inﬂuence of membrane proteins
on the probe response is likely marginal, since MβCD cannot extract
proteins from biomembranes [67].
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of the cholesterol extraction. A 30 min extraction with 5 mM of MβCD
was sufﬁcient to induce strong spectroscopic changes for F2N12S.
Longer incubation period (2 h) induced slightly larger spectroscopic
effects (Fig. 3). Signiﬁcantly smaller spectroscopic effects were
observed with 2 mM MβCD for 15 h incubation, indicating that
short treatment of cells with high concentrations of MβCD are more
appropriate for efﬁcient cholesterol extraction. Our data are in
accordance with the literature showing that a high concentration of
MβCD (10 mM) for 30 min leads to efﬁcient cholesterol depletion
from cell membranes [67]. In contrast, treatment of cells for 2 h with
MβCD–Cholesterol complex to enrich the cholesterol content in cell
membranes [67] led only to a marginal spectroscopic response of the
probe in the opposite direction. This small effect suggests that the
plasma membrane is almost saturated with cholesterol so that
the fraction of the Lo phase cannot be signiﬁcantly increased by
cholesterol addition.
To provide a closer model of cell plasma membranes at different
levels of cholesterol extraction, we used LUVs composed of SM/DOPC
mixtures with different amounts of cholesterol. Interestingly, a
decrease in the cholesterol content in LUVs provided similar changes
in the ﬂuorescence spectra as cholesterol extraction in cells, with an
increase in the intensity of the short-wavelength band and its
concomitant red shift (Fig. 3B). However, the spectrum in the ternary
mixture SM/DOPC/Chol (1/1/1) still does not perfectly match the
spectrum in intact cells (Fig. 3A and B). Indeed, the value of the
hydration parameter in the ternary lipidmixture is signiﬁcantly larger
than in intact cells or in homogeneous Lo phase of lipid membranes
(Table 1), being close to that in the Ld phase (DOPC/Chol). This
indicates that, in model membranes, the dye partitions preferentially
in the Ld phase, in line with our previous data [47]. In contrast, in cell
membranes, the spectrum of the probe and the hydration value are
intermediate between those observed in Lo and Ld phases. This
indicates that the cell membranes either present a homogeneous
phase, intermediate between Lo and Ld phases or, unlike model
vesicles, the probe binds well to both Ld and Lo phases.
To further investigate the phase behavior of cell membranes, we
used the well-established probe TMA-DPH, which describes the
ﬂuidity of lipid membranes through ﬂuorescence anisotropy mea-
surements [59]. In lipid vesicles in the Lo phase (SM/Chol), TMA-DPH
presents high values of anisotropy [57], while in vesicles in the LdFig. 4. Fluorescence anisotropy of TMA-DPH in lipid vesicles and U87MG cells. Model
vesicles composed of DOPC, POPC and POPC/Chol represent model membranes in Ld
phase, while SM/Chol composition represents Lo phase. The presented values for intact
cells, cells incubated with 5 mM MβCD for 30 and 120 min and apoptotic cells are an
average of four independent measurements.phase (DOPC, POPC and POPC/Chol) it shows much lower values
(Fig. 4), due to the higher ﬂuidity of the latter phase. Remarkably, the
anisotropy values of TMA-DPH in intact cells are relatively high
(Fig. 4), in line with a signiﬁcant fraction of Lo phase in the cell
membranes, as suggested by the F2N12S data. The high anisotropy
values of TMA-DPH in intact U87MG cells are also in accordance with
those measured in L929 mouse ﬁbroblasts [59] or by a DPH-labeled
lipid in RBL-2H3 mast cells [65]. On cholesterol extraction, we
observed a signiﬁcant decrease in the ﬂuorescence anisotropy value.
The effect depends on the incubation time of cells with MβCD, so that
after 2 h of incubation, the effect is nearly twice that observed after
30 min. This time-dependent cholesterol depletion effect correlates
well with the spectroscopic data obtained with F2N12S probe in the
same conditions. Thus, both probes suggest that the fraction of Lo
phase in the cell membrane depends on the time of cholesterol
extraction.
We then attempted to visualize the distribution of Lo/Ld phases in
cell membranes using two-photon ﬂuorescence microscopy with a
linearly polarized infra-red femtosecond laser source. Fluorescence
ratiometric imaging was performed by recording two images
simultaneously at 520 and 580 nm, and building their intensity ratio
with a home-made program. The ratiometric images of cells labeled
with F2N12S probe show a remarkable homogeneity, as it can be seen
from the pseudo-color distribution (Fig. 5A). Moreover, the value (ca
0.18) of the intensity ratio of 520/580 nm channels is close to the
value (ca 0.28) estimated from the ﬂuorescence spectra of intact cells.
This homogeneous low value of the ratio suggests that the Lo phase
distributes all over the outer leaﬂet of the cell plasma membrane and
thus constitutes a large fraction of this leaﬂet. The absence of
heterogeneity in the images of the cell membranes further suggests
that the separation between Lo and Ld phases cannot be detected
probably due the limited spatial and temporal resolution of the optical
microscope. Indeed, the putative separate domains are likely too small
and dynamic [17,26,27] to be visualized by taking into account the
diffraction-limited (∼300 nm) resolution and the observation time in
the range of seconds. In contrast, in lipid vesicles mimicking the lipid
composition of the biomembrane outer leaﬂet (DOPC/SM/Chol), the
separated lipid domains could be easily observed due to their large
size and slow dynamics [19,41,47].
After cholesterol extraction (2 mMMβCD for 15 h), we observed a
modiﬁcation in the emission pseudo-color at the cell membranes,
revealing an increase in the 520/580 nm intensity ratio (Fig. 5). This
ratio increase is in full agreement with that observed in the
ﬂuorescence spectra of cell suspensions (Fig. 3), suggesting that
F2N12S can be used to monitor the depletion of cholesterol through
the decrease in the fraction of the Lo phase within the cell plasma
membrane. Moreover, the ratiometric images of MβCD-treated cells
are also rather homogeneous, so that no phase separation can be
observed. After cholesterol extraction with high concentration of
MβCD (5 mM), we also observe changes in the pseudo-color
corresponding to an increase in the 520/580 nm intensity ratio
(Fig. 5), in line with the spectroscopic data (Fig. 3). Noticeably, the
membranes of cells treated with the high concentration of MβCD for a
short incubation time (30 min) appear very smooth, unlike the native
cells or cells treated with the lower concentration of MβCD for a long
period of time (12 h). Moreover, the pseudo-color at high concentra-
tion of MβCD varies within the cell contour. The color variations
correlate with the direction of the polarization of the excitation laser
light, so that the lower values of the 520/580 nm intensity ratio
correspond to the membrane regions perpendicular to the light
polarization axis. The effect of light polarization was previously
reported for F2N12S probe in giant vesicles and was connected with
two different orientations of the probe in the lipid membrane [47].
Indeed, when the light polarization axis is perpendicular to the bilayer
plane, the probe molecules oriented perpendicularly to the bilayer
(as shown in Fig. 1) are photo-selected. These photo-selected probes
Fig. 5. Fluorescence ratiometric images of U87MG cells stained with F2N12S probe at different levels of cholesterol extraction. Intact cells (A). Cells after cholesterol extraction with
2 mM MβCD for 15 h (B) and with 5 mM MβCD for 30 min (C) and with 5 mM MβCD for 2 h (D). Arrows show the direction of the excitation light polarization.
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intensity ratio. These light polarization effects were observed with
giant vesicles in Lo phase but not in pure ﬂuid phase [47], indicating
that even after cholesterol extraction, fractions of Lo phase are still
present in cell membranes. The absence of polarization effects in
native cells is likely related to the great variety of invaginations and
extensions (due to endocytosis and inﬂuence of the cytoskeleton) in
their membranes. Therefore, the membrane of normal cells does not
present any preferential direction with respect to the light polariza-
tion, unlike the smooth membrane exhibited by cells treated with a
high concentration of MβCD.
The cholesterol extraction experiments on cells and their compar-
ison with lipid vesicles of different composition helped us to better
understand the changes within the cell plasma membrane during
apoptosis. We have previously reported that F2N12S probe shows a
strong response to apoptosis, due to the loss of transmembrane lipid
asymmetry [53]. From Fig. 6A, it further appears that the spectroscopic
response of F2N12S to apoptosis is similar to that observed during
cholesterol extraction. In addition, the value of hydration increasesFig. 6.Monitoring apoptosis with F2N12S probe. Fluorescence spectra of F2N12S probe in non
and to that in cells after cholesterol extraction (A). Fluorescence ratiometric images of intastrongly during apoptosis and becomes similar to that observed in cells
with extracted cholesterol and inmodel vesicles in Ld phase (EYPC and
DOPC), suggesting a loss of Lo phase at the outer membrane leaﬂet of
apoptotic cells. To conﬁrm the changes in the phase state of cell
membranes on apoptosis, we compared the ﬂuorescence anisotropy
values of TMA-DPH in intact and apoptotic cells. However, we
observed only a minor decrease in anisotropy after apoptosis, which
was much smaller than the effect of cholesterol extraction (Fig. 4).
Though the observed changes are in agreement with the expected
decrease in the fraction of Lo phase on apoptosis, TMA-DPH probably
redistributes rather rapidly from the outer to the inner membrane
leaﬂet, which minimizes its response to the apoptotic loss of the
transmembrane asymmetry. Unlike F2N12S, TMA-DPH is a cationic
molecule with no long hydrophobic chains, which may explain its
relatively fast ﬂip-ﬂop towards the inner membrane leaﬂet. A similar
rapid intracellular internalization, mainly driven by the transmem-
brane electric potential has also been observedwith a number of other
cationic ﬂuorophores, such as octadecyl rhodamine [68], cyanine
derivatives [69] and an analogue of F2N12S, probe F2N8 [53].apoptotic and apoptotic cells, compared to the spectra of the probe in LUVs of Lo phase
ct (B) and apoptotic (C) cells stained with F2N12S.
Fig. 7. Simpliﬁedmodel of the loss of transmembrane asymmetry during apoptosis. This
loss of asymmetry results both in an increase of the negative surface charge and a
decrease in the fraction of the Lo phase at the outer leaﬂet of the cell membrane. Balls
represent the head groups of neutral phospholipids (black), anionic phospholipids
(red) and sphingolipids (blue). The black bars represent cholesterol. The regions
representing Lo and Ld phases are marked.
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apoptotic cells compared to intact and cholesterol depleted cells
(Table 1) is in line with an increase in the negative surface charge of
their outer membrane leaﬂet. The observed increase in the negative
surface charge and the decrease of the Lo phase fraction in the
external membrane leaﬂet during apoptosis suggest the following
events at the cell membrane (Fig. 7). First, as it is well-established, the
loss of transmembrane lipid asymmetry during apoptosis results in
the appearance at the cell surface of anionic lipids (mainly PS),
contributing to an increase in the negative charge at the surface [66].
In parallel, apoptosis results also in a transfer of SM from the outer
leaﬂet, where it is abundant, to the inner leaﬂet, thus explaining the
loss of Lo phase (Fig. 7). This conclusion is in line with a previous
report showing that the executive step of apoptosis resulting in PS
exposure is accompaniedwith the transfer of SM from the outer to the
inner leaﬂet, a process preceding the formation of ceramides [70].
Thus, the loss of Lo phase on apoptosis is different from that occurring
on cholesterol extraction, since the former is mainly due to the
decrease in the SM fraction in the outer leaﬂet.
The loss of the Lo phase during apoptosis as well as after
cholesterol extraction is associated with dramatic changes in the
cellular morphology, so that the membrane becomes smoother and
the cell attachment ability to the surface is strongly decreased
(Figs. 5C, D and 6C). Such morphological alterations were already
reported after cholesterol depletion [71,72] and are at least in part due
to the disorganization of the actin network [73] and the alteration of
the function of adhesion proteins (such as integrins) [74,75] leading
consequently to the disappearance of cell adhesion structures. Similar
morphological features were also observed during apoptosis. In line
with previous reports [76–79], we also observe smoother membranes
as well as intensive membrane blebbing in apoptotic cells (Fig. 5B).
This blebbing process has been connected with the formation of
ceramide from SM within the inner leaﬂet [78].
4. Conclusion
In the present work, we have studied cell membranes of U87MG
cells using a membrane probe sensitive to both the surface charge
and the bilayer phase. We observed that the outer leaﬂet of cell
membranes contains a signiﬁcant fraction of Lo phase, probably due to
its high content in sphingomyelin. After extraction of cholesterol with
MβCD, a dramatic loss of Lo phase was observed in cell membranes.
The spectroscopic changes of the probe emission after cholesterol
extraction are similar to those following apoptosis. Thus, our data
suggest that the loss of transmembrane lipid asymmetry of the plasma
membrane during apoptosis might lead, in addition to the increase of
the negative surface charge due to PS exposure, to a loss of the Lo
phase within the outer leaﬂet due to the transfer of sphingolipids tothe inner leaﬂet. Our data suggest a new methodology for studying
the Lo phase in membranes of living cells.Acknowledgements
This work was supported by a Conectus Alsace grant and by the
ARCUS program between France, Ukraine and Russia.References
[1] K. Simons, E. Ikonen, Functional rafts in cell membranes, Nature 387 (1997)
569–572.
[2] D.A. Brown, E. London, Structure and origin of ordered lipid domains in biological
membranes, J. Membr. Biol. 164 (1998) 103–114.
[3] K. Simons, E. Ikonen, How cells handle cholesterol, Science 290 (2000) 1721–1726.
[4] M. Edidin, The state of lipid rafts: from model membranes to cells, Annu. Rev.
Biophys. Biomol. Struct. 32 (2003) 257–283.
[5] S. Munro, Lipid rafts: elusive or illusive? Cell 115 (2003) 377–388.
[6] E. London, How principles of domain formation in model membranes may explain
ambiguities concerning lipid raft formation in cells, Biochim. Biophys. Acta 1746
(2005) 203–220.
[7] L.J. Pike, Growth factor receptors, lipid rafts and caveolae: an evolving story,
Biochim. Biophys. Acta 1746 (2005) 260–273.
[8] E. Kiyokawa, T. Baba, N. Otsuka, A. Makino, S. Ohno, T. Kobayashi, Spatial and
functional heterogeneity of sphingolipid-rich membrane domains, J. Biol. Chem.
280 (2005) 24072–24084.
[9] J.F. Hancock, Lipid rafts: contentious only from simplistic standpoints, Nat. Rev.
Mol. Cell Biol. 7 (2006) 456–462.
[10] D.A. Brown, J.K. Rose, Sorting of GPI-anchored proteins to glycolipid-enriched
membrane subdomains during transport to the apical cell surface, Cell 68 (1992)
533–544.
[11] G. van Meer, K. Simons, Lipid polarity and sorting in epithelial cells, J. Cell.
Biochem. 36 (1988) 51–58.
[12] K. Simons, D. Toomre, Lipid rafts and signal transduction, Nat. Rev. Mol. Cell Biol.
1 (2000) 31–39.
[13] D.A. Brown, E. London, Functions of lipid rafts in biological membranes, Annu. Rev.
Cell Dev. Biol. 14 (1998) 111–136.
[14] K.A. Field, D. Holowka, B. Baird, Compartmentalized activation of the high afﬁnity
immunoglobulin E receptor within membrane domains, J. Biol. Chem. 272 (1997)
4276–4280.
[15] M.F. Hanzal-Bayer, J.F. Hancock, Lipid rafts and membrane trafﬁc, FEBS Lett. 581
(2007) 2098–2104.
[16] T. Tian, A. Harding, K. Inder, S. Plowman, R.G. Parton, J.F. Hancock, Plasma
membrane nanoswitches generate high-ﬁdelity Ras signal transduction, Nat. Cell
Biol. 9 (2007) 875–877.
[17] P.H.M. Lommerse, H.P. Spaink, T. Schmidt, In vivo plasma membrane organiza-
tion: results of biophysical approaches, Biochim. Biophys. Acta 1664 (2004)
119–131.
[18] L.J. Pike, Rafts deﬁned: a report on the Keystone symposium on lipid rafts and cell
function, J. Lipid Res. 47 (2006) 1597–1598.
[19] C. Dietrich, L.A. Bagatolli, Z.N. Volovyk, N.L. Thompson, M. Levi, K. Jacobson, E.
Gratton, Lipid rafts reconstituted in model membranes, Biophys. J. 80 (2001)
1417–1428.
[20] S.L. Veatch, S.L. Keller, Organization in lipid membranes containing cholesterol,
Phys. Rev. Lett. 89 (2002) 268101.
[21] S.L. Veatch, S.L. Keller, Separation of liquid phases in giant vesicles of ternary
mixtures of phospholipids and cholesterol, Biophys. J. 85 (2003) 3074–3083.
[22] T. Baumgart, S.T. Hess, W.W. Webb, Imaging coexisting ﬂuid domains in biomem-
brane models coupling curvature and line tension, Nature 425 (2003) 821–824.
[23] A. Pralle, P. Keller, E.L. Florin, K. Simons, J.K. Horber, Sphingolipid-cholesterol rafts
diffuse as small entities in the plasma membrane of mammalian cells, J. Cell Biol.
148 (2000) 997–1008.
[24] C. Dietrich, B. Yang, T. Fujiwara, A. Kusumi, K. Jacobson, Relationship of lipid rafts
to transient conﬁnement zones detected by single particle tracking, Biophys. J. 82
(2002) 274–284.
[25] G.J. Schultz, G. Kada, V.P. Pastushenko, H. Schindler, Properties of lipid micro-
domains in a muscle cell membrane visualized by single molecule microscopy,
EMBO J. 19 (2000) 892–901.
[26] P.F. Lenne, L. Wawrezinieck, F. Conchonaud, O. Wurtz, A. Boned, X.J. Guo, H.
Rigneault, H.T. He, D. Marguet, Dynamic molecular conﬁnement in the plasma
membrane by microdomains and the cytoskeleton meshwork, EMBO J. 25 (2006)
3245–3256.
[27] L. Wawrezinieck, H. Rigneault, D. Marguet, P.F. Lenne, Fluorescence correlation
spectroscopy diffusion laws to probe the submicron cell membrane organization,
Biophys. J. 89 (2005) 4029–4042.
[28] P. Sharma, R. Varma, R.C. Sarasij, Ira K. Gousset, G. Krishnamoorthy, M. Rao, S.
Mayor, Nanoscale organization of multiple GPI-anchored proteins in living cell
membranes, Cell 116 (2004) 577–589.
[29] M. Hao, S. Mukherjee, F.R. Maxﬁeld, Cholesterol depletion induces large scale
domain segregation in living cell membranes, Proc. Natl. Acad. Sci. U. S. A. 98
(2001) 13072–13077.
1443S. Oncul et al. / Biochimica et Biophysica Acta 1798 (2010) 1436–1443[30] M.J. Swamy, L. Ciani, M. Ge, A.K. Smith, D. Holowka, B. Baird, J.H. Freed, Coexisting
domains in the plasma membranes of live cells characterized by spin-label ESR
spectroscopy, Biophys. J. 90 (2006) 4452–4465.
[31] D.M. Owen, M.A.A. Neil, P.M.W. French, A.I. Magee, Optical techniques for imaging
membrane lipid microdomains in living cells, Semin. Cell Dev. Biol. 18 (2007)
591–598.
[32] B.C. Lagerholm, G.E. Weinreb, K. Jacobson, N.L. Thompson, Detecting micro-
domains in intact cell membranes, Annu. Rev. Phys. Chem. 56 (2005) 309–336.
[33] P.W. Janes, S.C. Ley, A.I. Magee, Aggregation of lipid rafts accompanies signaling
via the T cell antigen receptor, J. Cell. Biol. 147 (1999) 447–461.
[34] A.K. Kenworthy, N. Petranova, M. Edidin, High-resolution FRET microscopy of
cholera toxin B-subunit and GPI-anchored proteins in cell plasma membranes,
Mol. Biol. Cell 11 (2000) 1645–1655.
[35] M. Vrljic, S.Y. Nishimura, S. Brasselet, W.E. Moerner, H.M. McConnell, Translational
diffusion of individual class II MHC membrane proteins in cells, Biophys. J. 83
(2002) 2681–2692.
[36] A.K. Kenworthy, B.J. Nichols, C.L. Remmert, G.M.Hendrix,M. Kumar, J. Zimmerberg,
J. Lippincott-Schwartz, Dynamics of putative raft-associated proteins at the cell
surface, J. Cell Biol. 165 (2004) 735–746.
[37] C.K. Haluska, A.P. Schröder, P. Didier, D. Heissler, G. Duportail, Y. Mély, C.M.
Marques, Combining ﬂuorescence lifetime and polarization microscopy to
discriminate phase separated domains in giant unilamellar vesicles, Biophys. J.
95 (2008) 5737–5747.
[38] X. Xu, R. Bittman, G. Duportail, D. Heissler, C. Vilchéze, E. London, Effect of the
structure of natural sterols and sphingolipids on the formation of ordered
sphingolipid/sterol domains (rafts). Comparison of cholesterol to plant, fungal,
and disease-associated sterols and comparison of sphingomyelin, cerebrosides,
and ceramide, J. Biol. Chem. 276 (2001) 33540–33546.
[39] J. Korlach, P. Schwille, W.W. Webb, G.W. Feigenson, Characterization of lipid
bilayer phases by confocal microscopy and ﬂuorescence correlation spectroscopy,
Proc. Natl. Acad. Sci. U. S. A. 96 (1999) 8461–8466.
[40] T. Baumgart, G. Hunt, E.R. Farkas, W.W. Webb, G.W. Feigenson, Fluorescence
probe partitioning between Lo/Ld phases in lipid membranes, Biochim. Biophys.
Acta 1768 (2007) 2182–2194.
[41] L.A. Bagatolli, To see or not to see: lateral organization of biological membranes
and ﬂuorescence microscopy, Biochim. Biophys. Acta 1758 (2006) 1541–1556.
[42] T. Parasassi, E. Gratton, W.M. Yu, P. Wilson, M. Levi, Two-photon ﬂuorescence
microscopy of Laurdan generalized polarization domains in model and natural
membranes, Biophys. J. 72 (1997) 2413–2429.
[43] K. Gaus, E. Gratton, E.P.W. Kable, A.S. Jones, I. Gelissen, L. Kritharides, W. Jessup,
Visualizing lipid structure and raft domains in living cells with two-photon
microscopy, Proc. Natl. Acad. Sci. U. S. A. 100 (2003) 15554–15559.
[44] H.M. Kim, H.-J. Choo, S.-Y. Jung, Y.-G. Ko, W.-H. Park, S.-J. Jeon, C.H. Kim, T. Joo, B.R.
Cho, A two-photon probe for lipid raft imaging: C-Laurdan, ChemBioChem
8 (2007) 553–559.
[45] H.M. Kim, B.H. Jeong, J.-Y. Hyon, M.J. An, M.S. Seo, J.H. Hong, K.J. Lee, C.H. Kim, T.
Joo, S.-C. Hong, B.R. Cho, Two-photon ﬂuorescent turn-on probe for lipid rafts in
live cell and tissue, J. Am. Chem. Soc. 130 (2008) 4246–4247.
[46] L. Jin, A.C. Millard, J.P. Wuskell, X. Dong, D. Wu, H.A. Clark, L.M. Loew, Charac-
terization and application of a new optical probe for membrane lipid domains,
Biophys. J. 90 (2006) 2563–2575.
[47] A.S. Klymchenko, S. Oncul, P. Didier, E. Schaub, L. Bagatolli, G. Duportail, Y. Mély,
Visualization of lipid domains in giant unilamellar vesicles using an environment-
sensitive membrane probe based on 3-hydroxyﬂavone, Biochim. Biophys. Acta
1788 (2009) 495–499.
[48] P.-T. Chou, M.L. Martinez, J.-H. Clements, Reversal of excitation behavior of
proton-transfer vs. charge-transfer by dielectric perturbation of electronic
manifolds, J. Phys. Chem. 97 (1993) 2618–2622.
[49] A.S. Klymchenko, A.P. Demchenko, Multiparametric probing of intermolecular
interactions with ﬂuorescent dye exhibiting excited state intramolecular proton
transfer, Phys. Chem. Chem. Phys. 5 (2003) 461–468.
[50] A.P. Demchenko, Y. Mély, G. Duportail, A.S. Klymchenko, Monitoring biophysical
properties of lipid membranes by environment-sensitive ﬂuorescent probes,
Biophys. J. 96 (2009) 3461–3470.
[51] A.S. Klymchenko, Y. Mély, A.P. Demchenko, G. Duportail, Simultaneous probing of
hydration and polarity of lipid bilayers with 3-hydroxyﬂavone ﬂuorescent dyes,
Biochim. Biophys. Acta 1665 (2004) 6–19.
[52] A.S. Klymchenko, G. Duportail, T. Oztürk, V.G. Pivovarenko, Y. Mély, A.P. Demchenko,
Novel two-band ratiometric ﬂuorescence probes with different location and
orientation in phospholipid membranes, Chem. Biol. 9 (2002) 1199–1208.
[53] V.V. Shynkar, A.S. Klymchenko, C. Kunzelmann, G. Duportail, C.D. Muller, A.P.
Demchenko, J.-M. Freyssinet, Y. Mély, Fluorescent biomembrane probe for
ratiometric detection of apoptosis, J. Am. Chem. Soc. 129 (2007) 2187–2193.
[54] A.S. Klymchenko, G. Duportail, Y. Mély, A.P. Demchenko, Ultrasensitive two-color
ﬂuorescence probes for dipole potential in phospholipids membranes, Proc. Natl.
Acad. Sci. U. S. A. 100 (2003) 11219–11224.[55] V.V. Shynkar, A.S. Klymchenko, G. Duportail, A.P. Demchenko, Y. Mély, Two-color
ﬂuorescent probes for imaging dipole potential of cell plasma membranes,
Biochim. Biophys. Acta 1712 (2005) 128–136.
[56] A.S. Klymchenko, H. Stoeckel, K. Takeda, Y. Mély, Fluorescent probe based on
intramolecular proton transfer for fast ratiometric measurement of cellular
transmembrane potential, J. Phys. Chem. B 110 (2006) 13624–13632.
[57] G. M'Baye, Y. Mély, G. Duportail, A.S. Klymchenko, Liquid ordered and gel phases
of lipid bilayers: ﬂuorescent probes reveal close ﬂuidity but different hydration,
Biophys. J. 95 (2008) 1217–1225.
[58] M.J. Hope, M.B. Bally, G. Webb, P.R. Cullis, Production of large unilamellar vesicles
by a rapid extrusion procedure. Characterization of size distribution, trapped
volume and ability to maintain a membrane potential, Biochim. Biophys. Acta 812
(1985) 55–65.
[59] J.-G. Kuhry, G. Duportail, C. Bronner, G. Laustriat, Plasma membrane ﬂuidity
measurements on whole living cells by ﬂuorescence anisotropy of trimethylam-
moniumdiphenylhexatriene, Biochim. Biophys. Acta 845 (1985) 60–67.
[60] J. Azoulay, J.-P. Clamme, J.-L. Darlix, B.P. Roques, Y. Mély, Destabilization of the
HIV-1 complementary sequence of TAR by the nucleocapsid protein through
activation of conformational ﬂuctuations, J. Mol. Biol. 326 (2003) 691–700.
[61] J.-P. Clamme, J. Azoulay, Y. Mély, Monitoring of the formation and dissociation of
polyethylenimine/DNA complexes by two photon ﬂuorescence correlation
spectroscopy, Biophys. J. 84 (2003) 1960–1968.
[62] M.B. Sankaram, T.E. Thompson, Interaction of cholesterol with various glycer-
ophospholipids and sphingomyelin, Biochemistry 29 (1990) 10670–10675.
[63] A.S. Klymchenko, G. Duportail, A.P. Demchenko, Y. Mély, Bimodal distribution and
ﬂuorescence response of environment-sensitive probes in lipid bilayers, Biophys.
J. 86 (2004) 2929–2941.
[64] T. Parasassi, M. Di Stefano, M. Loiero, G. Ravagnan, E. Gratton, Cholesterol modiﬁes
water concentration and dynamics in phospholipid bilayers: a ﬂuorescence study
using Laurdan probe, Biophys. J. 66 (1994) 763–768.
[65] A. Gidwani, D. Holowka, D. Baird, Fluorescence anisotropy measurements of lipid
order in plasmamembranes and lipid rafts from RBL-2H3mast cells, Biochemistry
40 (2001) 12422–12429.
[66] R.F. Zwaal, A.J. Schroit, Pathophysiologic implications of membrane phospholipid
asymmetry in blood cells, Blood 89 (1997) 1121–1132.
[67] R. Zidovetzki, I. Levitan, Use of cyclodextrins to manipulate plasma membrane
cholesterol content: evidence, misconceptions and control strategies, Biochim.
Biophys. Acta 1768 (2007) 1311–1324.
[68] J.M. Leenhouts, B. De Kruijff, Membrane potential-driven translocation of a lipid-
conjugated rhodamine, Biochim. Biophys. Acta 1237 (1995) 121–126.
[69] P.J. Sims, A.S. Waggoner, C.-H. Wang, J.F. Hoffman, Studies on the mechanism by
which cyanine dyes measure membrane potential in red blood cells and
phosphatidylcholine vesicles, Biochemistry 13 (1974) 3315–3330.
[70] A.D. Tepper, P. Ruurs, T. Wiedmer, P.J. Sims, J. Borst, W.J. van Blitterswijk,
Sphingomyelin hydrolysis to ceramide during the execution phase of apoptosis
results from phospholipid scrambling and alters cell-surface morphology, J. Cell
Biol. 150 (2000) 155–164.
[71] S. Martin, D.C. Phillips, K. Szekely-Szucs, L. Elghazi, F. Desmots, J.A. Houghton,
Cyclooxygenase-2 inhibition sensitizes human colon carcinoma cells to TRAIL-
induced apoptosis through clustering of DR5 and concentrating death-inducing
signaling complex components into ceramide-enriched caveolae, Cancer Res. 65
(2005) 11447–11458.
[72] O.G. Ramprasad, G. Srinivas, K.S. Rao, P. Joshi, J.P. Thiery, S. Dufour, G. Pande,
Changes in cholesterol levels in the plasma membrane modulate cell signaling
and regulate cell adhesion and migration on ﬁbronectin, Cell Motil. Cytoskelet. 64
(2007) 199–216.
[73] S.K. Patra, Dissecting lipid raft facilitated cell signaling pathways in cancer,
Biochim. Biophys. Acta 1785 (2008) 182–206.
[74] B. Leitinger, N. Hogg, The involvement of lipid rafts in the regulation of integrin
function, J. Cell Sci. 115 (2002) 963–972.
[75] G. Pande, The role of membrane lipids in regulation of integrin functions, Curr.
Opin. Cell Biol. 12 (2000) 569–574.
[76] S. Martin, G. Giannone, R. Andriantsitohaina, M.C. Martinez, Delphinidin, an
active compound of red wine, inhibits endothelial cell apoptosis via nitric oxide
pathway and regulation of calcium homeostasis, Br. J. Pharmacol. 139 (2003)
1095–1102.
[77] G. Kroemer, L. Galluzzi, P. Vandenabeele, J. Abrams, E.S. Alnemri, E.H. Baehrecke,
M.V. Blagosklonny, W.S. El-Deiry, P. Golstein, D.R. Green, M. Hengartner, R.A.
Knight, S. Kumar, S.A. Lipton, W. Malorni, G. Nunez, M.E. Peter, J. Tschopp, J. Yuan,
M. Piacentini, B. Zhivotovsky, G. Melino, Classiﬁcation of cell death: recommenda-
tions of the Nomenclature Committee on Cell Death 2009, Cell Death Differ. 16
(2009) 3–11.
[78] J. Zhang, T.A. Driscoll, Y.A. Hannun, L.M. Obeid, Regulation of membrane release in
apoptosis, Biochem. J. 334 (1998) 479–485.
[79] J.C. Mills, N.L. Stone, J. Erhardt, R.N. Pittman, Apoptotic membrane blebbing is
regulated by myosin light chain phosphorylation, J. Cell Biol. 140 (1998) 627–636.
